Abstract: Platinum is recognized as a harmless metal and is widely used in many industrial products. Recent studies have proposed that platinum in the form of nanoparticles has antioxidant properties, suggesting potential uses for platinum nanoparticles as additives in foods and cosmetics, with direct exposure consequences for humans. However, the influence of platinum nanoparticles on humans has not been sufficiently evaluated, thus far. Therefore, to investigate the influence of platinum nanoparticles on a living body, we comprehensively examined the expression profiles of genes obtained from 25 organs and tissues of rats after oral administration of platinum nanoparticles by gavage. Comparative analysis revealed that the expression levels of 18 genes were altered in 12 organs and tissues after the administration (approximately 0.17% of all the genes examined). Of the tissues examined, those of the glandular stomach, whichi were most directly exposed to the orally administered platinum nanoparticles, showed altered expression levels of genes associated with inflammation. In subcutaneous adipose tissue, the expression levels of genes whose products exhibited ATPase activity were altered. Real-time reverse transcription polymerase chain reaction (real-time RT-PCR) analysis confirmed the alteration in the expression levels of these genes in these 2 different tissues. Our findings indicate that orally administered platinum nanoparticles do not have a marked effect on systemic gene expression levels, except on a small number of genes expressed in rat tissues, including peripheral tissues indirectly exposed to the orally administered nanoparticles.
Introduction
Platinum is a metal that is widely used in a variety of industrial products, and its use can be attributed mainly to its superior catalytic activity. The most important industrial application of platinum is in automotive catalytic converters that are installed in exhaust emission control systems and high concentrations of platinum dust have been found in the environment around roads with very high traffic volumes [3] .
Platinum nanoparticles in vitro eliminate anion radicals and hydrogen peroxide, which is a representative of reactive oxygen species, in a similar fashion to superoxide dismutase and catalase [13, 19] . The accumulation of reactive oxygen species causes oxidation in tissues inducing a variety of disorders associated with diseases and aging [9] . Therefore, the development of commercial products with platinum nanoparticles as additives in foods and cosmetics is extensivelytaking place, especially in Asia. Although human beings are actively and passively exposed to platinum nanoparticles, the influence of platinum nanoparticles on a living body has not yet been sufficiently studied.
Small-sized metallic particles are reported to exhibit higher toxicity, which is attributed to increased reactivity due to their increased surface area per mass [15, 16] . Thus, although platinum is a noble metal, platinum nanoparticles may exhibit reactivity or toxicity that has not been observed in large-sized particles. In this study, we performed a comparative analysis of systemic gene expression profiles in 25 organs and tissues obtained from rats subjected to oral administration of platinum nanoparticles.
Materials and Methods

Platinum nanoparticles
Platinum nanoparticle dispersion (nano Pt) was purchased from Adachi New Industrial Co., Ltd. (Osaka, Japan) (product code, 636-13371; particle diameter, 1-6 nm; concentration, 10 mM). Nano Pt contains platinum particles homogeneously dispersed as a colloid in a solution comprising, ethanol, polyvinyl pyrrolidone, and water (no information on the concentration of the constituents was available from the manufacturer). A previous study reported that ultracentrifugation can separate metallic nanoparticles from their colloidal dispersion [14] , so we prepared a negative control sample that contained only the liquid fraction of nano Pt by ultracentrifugation. Nano Pt was subjected to ultracentrifugation at 64,047 × g for 24 h using a Beckman Coulter Optima LE-80K ultracentrifuge (Brea, CA, USA). The supernatant (sup Pt) was used as a negative control solution.
Animal experiments and tissue sample collection
Male Wistar rats [specific-pathogen-free (SPF); 5 weeks of age] were obtained from Charles River Japan, Inc. (Yokohama, Japan) and subjected to a acclimatization period of 7 days. The rats were divided into 2 groups (n=2): One group (animal ID = nano Pt_3 and nano Pt_4) was subjected to oral administration of nano Pt at a dose of 5 ml·kg -1 ·day -1 (9.75 mg·kg -1 ·day -1 ) for 5 days via a gavage tube at 10:00 every day, and the other group (animal ID = sup Pt_1 and sup Pt_2) was subjected to oral administration of sup Pt at a dose of 5 ml·kg -1 ·day
in the same manner. Twenty-four hours after the last administration, the rats were sacrificed, and we harvested the following 25 organs and tissues from each rat: whole brain, heart, lungs, liver, kidneys, adrenal glands, spleen, prostate gland, testes, epididymis, anterior stomach, glandular stomach, duodenum, jejunum, ileum, cecum, colon, mesenteric adipose tissue, musculus soleus, musculus extensor digitorum longum, musculus gastrocnemius, musculus rectus femoris, brown adipose tissue, subcutaneous adipose tissue, and skin. The tissues and organs were immediately snap-frozen in liquid nitrogen and stored at -80°C.
RNA preparation
The frozen organs and tissues were homogenized in the denaturing agent, Isogen (Nippongene, Tokyo, Japan), and lysates were prepared. The lysates were subjected to total RNA isolation in accordance with the instructions of the manufacturer. Poly(A) + RNA was isolated from total RNA using a MicroPoly(A) Purist Kit (Life Technologies, Carlsbad, CA, USA) according to the instructions of the manufacturer. Isolated poly(A) + RNA was divided into aliquots and stored at -20°C after ethanol precipitation.
Microarray preparation and expression profile acquisition
A set of synthetic polynucleotides (80-mers) representing 11,468 rat transcripts derived from 10,490 independent genes, including most of the RefSeq clones deposited in the NCBI database (MicroDiagnostic, Tokyo, Japan) was arrayed on aminosilane-coated glass slides (Type I; Matsunami, Kishiwada, Japan) using a custom-made arrayer. Labeling, hybridization, and data acquisition were performed as described previously [10, 18] . All the data, in accordance with the Minimum Information about Microarray Experiments (MIAME) guideline, were deposited at the DNA Data Bank of Japan (DDBJ) via the Center for Information Biology Gene Expression (CIBEX) (http://cibex.nig.ac.jp/index.jsp) under accession number CBX118.
Gene expression data analysis
We performed data processing and subsequent hierarchical clustering analysis using Microsoft Excel (Microsoft, Redmond, WA, USA) and an MDI gene expression analysis software package (MicroDiagnostic). First, we assembled all log ratios into a single matrix, designated as the primary data matrix. Next, we excluded the genes for which the log ratio was 0 in at least one sample from the primary data matrix. Subsequently, to extract genes for which the expression level was altered in a tissue-dependent manner, we conducted the following operation for each organ or tissue in successive order: (i) deletion of genes for which the difference of log ratios between sup Pt_1 and sup Pt_2 or between nano Pt_3 and nano Pt_4 was greater than 1 or smaller than -1; (ii) independent calculation of the average of the log ratios for each gene in data sets derived from sup Pt_1 and sup Pt_2 (designated "sup Pt average"); (iii) calculation of the relative ratio against the sup Pt average for each gene for all four samples (designated "relative log ratio"); (iv) extraction of genes for which the relative log ratios for both nano Pt_3 and nano Pt_4 were greater than 1 or smaller than -1; (v) calculation of the standard deviation and mean average of the signal at 635 nm for cyanine-5 and 532 nm for cyanine-3 for the genes extracted at step (iv) described above for all 4 profiles (designated "B_ SD" and "B_mean", respectively); and (vi) deletion of genes for which the fluorescence intensity of either wavelength was less than the values calculated by B_ mean + (3 × B_SD). After the operation for all the organs and tissues, we extracted a data set comprising all of the samples (a total of 100 specimen; 4 animals × 25 organs and tissues) for each extracted gene that satisfied the above conditions and then assembled them into a single matrix in a tissue-dependent order.
Real-time reverse transcription polymerase chain reaction
Total RNA (2.5 µg) was reverse transcribed into cDNA using Superscript III and random primers in SuperScript VILO cDNA synthesis kit (Life Technologies) in accordance with the instructions of the manufacturer. The specific primers for selected genes and the primers for cytoplasmic β-actin as the internal control were designed using Primer Express 3.0 (Life Technologies) (Supplementary Table 2 ). Amplification reaction assays contained 1 × Power SYBR Green PCR Master Mix and primers at optimal concentrations (Life Technologies). A hot start at 95°C for 10 min was followed by 40 cycles at 95°C for 15 s and 60°C for 1 min (Applied Biosystems 7500 Fast Real-Time PCR System). Fluorescence emission was measured in each cycle and the threshold cycle (C T ) values were determined. Values are averages of triplicate analysis ± standard deviation (SD). Relative transcript quantities were calculated using the ∆∆C T method with cytoplasmic β-actin as the internal control. ∆C T is the difference in the threshold cycles of the sample mRNAs relative to those of the cytoplasmic β-actin mRNA. ∆∆C T is the difference between the values of ∆C T of the sup Pt_1 sample and the other samples. Values for fold-induction were calculated as 2 -∆∆CT . The real-time reverse transcription polymerase chain reaction (real-time RT-PCR) was performed in triplicate for each sample. Statistical significance was determined using Student's two-tailed t-test between the sup Pt_1 sample and the nano Pt_3 or the nano Pt_4 sample. To determine the correlation between DNA microarray data and realtime RT-PCR analysis, Pearson's correlation coefficient was calculated.
Results
Administering platinum nanoparticles to rats by gavage and acquiring gene expression profiles of multiple tissues
To comprehensively explore the influence of platinum nanoparticles on a living body at the gene expression level, we orally administered nano Pt or sup Pt to rats by gavage once a day for 5 successive days. We measured body weight and food consumption after administration of nano Pt or sup Pt to the rats every day and observed no significant differences between the 2 rat groups (data not shown). In addition, we did not observe any obvious macroscopic findings in the 100 tissues samples obtained from organs and tissues following the administration of nano Pt or sup Pt. We performed comprehensive gene expression analysis using DNA microarrays to examine the 100 samples obtained from the 25 organs and tissues of rats fed with nano Pt or sup Pt. We labeled poly(A) + RNA derived from the tissue samples with red fluorescence (635 nm) and the rat common reference RNA with green fluorescence (532 nm) through 1st strand cDNA synthesis and hybridized the mixture of both fluorescence-labeled samples onto a single microarray. After acquisition and normalization of fluorescence intensities for the 2 wavelengths, we processed the data into log values and a single matrix (designated the primary data matrix). Data from all the microarrays used in this study are available at DDBJ via CIBEX (http://cibex.nig.ac.jp/index.jsp) under accession number CBX118.
Overview of gene expression patterns in rat tissues after platinum nanoparticle administration
We obtained an overall picture of the results of the experiments conducted in this study by two-dimensional clustering analysis of log ratios calculated from primary expression ratios against the common reference RNA (primary data matrix), before extracting gene expression data sets that account for the influence of administering platinum nanoparticles to the rats at the systemic tissue level. The primary data matrix enabled a relative comparison among the samples without conducting a direct comparison by hybridization on an identical microarray. We predicted that the most obvious differences obtained from the clustering analysis of the primary data matrix would be reflected in the tissues examined in this study, represented as sample clusters consisting of each organ only (tissue clusters) in a single dendrogram. Figure 1 shows two-dimensional clustering analysis data in a dendrogram across the tissue samples. As we had predicted, the dendrogram indicates that most of the organs and tissues examined in this study (22 out of 25) generated clusters accounting for the differences observed among the independent organs and tissues. Only 3 tissues, musculus extensor digitorum longum (t in Fig.  1 ), musculus gastrocnemius (u in Fig. 1) , and musculus rectus femoris (v in Fig. 1 ), which are anatomically classified as fast muscle fibers (white muscles), constituted a single cluster in a mixed manner without forming tissue-specific clusters. Moreover, the cluster comprising the 3 white muscles contained 2 small clusters of 2 pairs, sup Pt_1 and nano Pt_3 and sup Pt_2 and nano Pt_4, reflecting individual differences of the rats that were not dependent on the differences of the administered samples. These results obtained from the clustering analysis for the 100 samples indicate that the differences in the expression profiles of over 10,000 genes between tissue samples obtained from rats exposed to nano Pt and sup Pt were much smaller than those differences among individual rats and organs.
Extraction of genes whose expression was influenced by platinum nanoparticle administration in a tissuedependent manner
To extract the genes whose expression was altered in a tissue-dependent manner following platinum nanoparticle administration, we conducted the operation processes described in detail in Materials and Methods using the primary data matrix for each organ or tissue. We generated data sets comprising relative log ratios for each organ or tissue. From all the datasets of the relative log ratios, we successfully obtained 21 transcripts that satisfied the conditions outlined in Materials and Methods from 12 organs and tissues. Subsequently, we extracted a dataset comprising all 100 samples (four animals and 25 organs and tissues) obtained for each gene and assembled all of the extracted data sets for the 12 organs and tissues into a single matrix in order of tissuedependence. Figure 2 shows the data set of the extracted genes whose expression was altered by the gavage administration of platinum nanoparticles in a tissue-dependent manner. Gene transcripts were identified as follows: two Fig. 1 . Gene expression profi les obtained from systemic organs and tissues of rats exposed to platinum nanoparticles by gavage. The primary data matrix subjected to two-dimensional clustering analysis is depicted as a heat map illustrated using a two-color gradation. Rows and columns represent genes (11,468) and samples (100), respectively. A dendrogram at the top of the heat map shows the relationship across the samples with dissimilarity coeffi cients. A four-color bar between the heat map and the dendrogram depicts animal ID: light green, sup Pt_1; dark green, sup Pt_2; yellow, nano Pt_3; and orange, nano Pt_4. Animals named sup Pt_1 and sup Pt_2 were exposed to the supernatant of the platinum nanoparticle dispersion which was obtained by ultracentrifugation and those named nano Pt_3 and nano Pt_4 were exposed to the platinum nanoparticle dispersion. The letters between the four-color bar and dendrogram identifi es the organs and tissues: a, whole brain; b, heart; c, lungs; d, liver; e, kidneys; f, adrenal glands; g, spleen; h, prostate gland; i, testes; j, epididymis; k, anterior stomach; l, glandular stomach; m, duodenum; n, jejunum; o, ileum; p, cecum; q, colon; r, mesenteric adipose tissue; s, musculus soleus; t, musculus extensor digitorum longum; u, musculus gastrocnemius; v, musculus rectus femoris; w, brown adipose tissue; x, subcutaneous adipose tissue; and y, skin. A color bar with gradation of red and blue demonstrates gene expression levels of samples against the common reference RNA; red and blue represent higher and lower sample expression levels than those of the common reference RNA as log 2 values (log ratios), respectively. All of the log ratios contained in the heat map are shown in DDBJ via CIBEX (http:// cibex.nig.ac.jp/index.jsp) under accession number CBX118.
in the brain (a in Fig. 2) , one in the lungs (c in Fig. 2) , two in the liver (d in Fig. 2) , one in the anterior stomach (k in Fig. 2) , two in the glandular stomach (l in Fig. 2) , two in the duodenum (m in Fig. 2) , one in the jejunum (n in Fig. 2) , one in the ileum (o in Fig. 2) , one in the musculus soleus (s in Fig. 2) , one in the brown adipose tissue (w in Fig. 2) , six in the subcutaneous adipose tissue (x in Fig. 2 ), and one in the skin (y in Fig. 2 ). The transcript representing the Gphn gene exhibited decreased expression levels in both the anterior stomach and skin. The Atp2a1 gene transcript had increased expression levels in the subcutaneous adipose tissue but decreased levels in the jejunum. These results indicate that the total number of genes affected by the platinum nanoparticle administration by gavage is very small, accounting for approximately 0.17% of all the entire transcripts examined in this study, and that the subcutaneous adipose tissue is the most vulnerable tissue among those tested. This suggests that indirect exposure to orally administered platinum nanoparticles greatly infl uences the peripheral tissue.
Validation of microarray data by real-time RT-PCR analysis
To validate the microarray data obtained and analyzed in this study, we conducted real-time RT-PCR analysis for the two genes in the glandular stomach and the fi ve genes in the subcutaneous adipose tissue whose expres-sion levels were altered in a tissue-specifi c manner. Figure 3 shows the results of the experiments repeated in triplicate as averages and standard deviations of expression levels measured by real-time RT-PCR and the results of the t-test on the differences between the sup Pt_1 sample and the nano Pt_3 or Pt_4 sample. The seven genes examined by real-time RT-PCR analysis exhibited signifi cant differences in the level of expres- or tissue, we calculated the relative expression ratios of nanoparticle-exposed rat samples against means calculated for the control supernatant-exposed rat samples and selected genes whose relative expression ratios against mean of controls altered under the mathematical selection conditions described in Material and Methods. For the genes selected from each organ or tissue, we extracted data sets comprising all the samples (100 species; four animals × 25 organs and tissue) and assembled the data into a single matrix in order of tissue dependence. A heat map depicts the assembled matrix. A two-color gradation shows the relative expression levels calculated against the mean of the control samples for each organ or tissue; red and blue exhibit higher and lower expression levels than the mean of the control samples, respectively. A four-color bar above the heat map identifi es the animal ID as in Fig. 1 . The letters above the four-color bar represent organs and tissue as described in the legend of Fig. 1 . The left side of the heat map shows the name of the organs or tissues that were targets for tissue-dependent gene expression analysis. A thin black frame in the heat map shows the data of the selected genes and target tissues in each operation. A bold black frame in the heat map shows the data from selected genes and target tissues that were subsequently subjected to validation by real-time RT-PCR. At the right side of the heat map, the ID, symbol, and name of the selected genes are shown. Descriptions in bold type identify the genes subjected to subsequent validation. All of the data contained in the heat map is shown in Supplementary Table 1. sion in the tissues between the sup Pt_1 sample and the nano Pt_3 or Pt_4 samples, confirming that nanoparticle administration affected the gene expression levels in a tissue-dependent manner similar to those observed in the microarray data, shown in Fig. 2 .
Finally, we statistically compared the microarray data and the real-time RT-PCR data by calculating Pearson correlation coefficients. Table 1 demonstrates the calculated correlation coefficients for the seven genes, indicating significant correlation between the two data sets obtained from microarrays and real-time RT-PCR.
Discussion
We have shown here that platinum nanoparticles orally administered by gavage to rats induce slight alterations in gene expressions in multiple organs and tissues. From these findings it can be inferred that although platinum is widely used in a variety of products ranging from industrial applications to those involving recent trends in health and cosmetics, these uses have very little influence on the living body, at least at the gene expression level. Nevertheless, we did detect a small number of genes whose expression levels were altered in a tissue-dependent manner following the oral administration of platinum nanoparticles. Changes were observed in genes expressed in the peripheral tissues such as subcutaneous adipose tissue, which are exposed to platinum nanoparticles indirectly following absorption in the gastrointestinal tract, and in the organs most directly exposed by gavage administration such as the anterior stomach. Thus, it may be premature to conclude that platinum nanoparticles are harmless to humans within an acceptable range, especially if the products containing the nanoparticles are ingested frequently.
In the glandular stomach, the Gast and Duox2 genes showed decreased and increased expression levels, respectively, following the platinum nanoparticle administration. Gast-knockout mice exhibit activation of gene expression associated with inflammation and progression of intestinal metaplasia and polyp formation [4, 11] . The Duox2 gene is a member of the NADPH oxidase family, which plays an important role in the host defense system against pathogens by producing reactive oxygen species [7, 8] . Together, this implies that inflammatory responses occurred in the glandular stomach, which was the organ most directly exposed to platinum nanoparticles.
We found that subcutaneous adipose tissue was most profoundly affected by the platinum nanoparticle admin- istration (6 transcripts derived from 5 genes; NM_058213 and M99223 are derived from the same gene) among the organs and tissues examined. Among the genes whose expression was altered in this tissue, three genes-My11, My13, and cardiac myosin heavy chain insert 21/26-are all constituents of the myosin protein. Myosin is a motor protein with ATPase activity and is involved in a variety of cellular functions such as cell motility, muscle contraction, intracellular transport, cytokinesis, and endocytosis/exocytosis. The other two genes, Ckm [2] and Atp2a1 [20] , also bear ATPase activity. These findings suggest that orally administered platinum nanoparticles may affect biological processes involving proteins with ATPase activity through as yet unknown pathways that may deliver the platinum nanoparticles and/or other factors that are influenced by them to the peripheral tissues, such as subcutaneous adipose tissue, after absorption through the gastrointestinal tract.
The absorption of nanoparticles through the gastrointestinal tract following oral administration is determined by surface characteristics and particle sizes [5, 12] . Nanoparticle size influences body distribution and absorption, with smaller-sized nanoparticles facilitating more efficient absorption. Particularly, nanoparticles with diameters of less than 200 nm can invade erythrocytes and reach systemic organs and tissues through the bloodstream, resulting in their in situ accumulation [6, 17] . For instance, nanoparticles of diameters less than 100 nm reach the liver, spleen, and bone marrow through the bloodstream, whereas those of more than 300 nm cannot enter the bloodstream [12] . Since the size of the platinum nanoparticles used in this study ranged from 1 to 6 nm, it is likely that they reached the subcutaneous adipose tissue through the blood stream directly and/or indirectly after absorption through the gastrointestinal tract. Nevertheless, further experiments are required to examine the route taken by them.
Although the orally administered platinum nanoparticles may have been delivered systemically via the blood stream, we found that the most profoundly influenced tissue, with regard to gene expression, was the subcutaneous adipose tissue, which is one of the tissues most peripheral from the blood stream. A previous study showed that lead absorbed through any route predominantly accumulates in the bone at a higher concentration than in any soft tissue [1] . This finding indicates that metallic particles exhibit high affinity to certain organs and tissues and preferentially accumulate in the tissues with affinity. Although the systemic distribution of platinum nanoparticles still remains undetermined, we speculate that platinum nanoparticles may have high affinity to adipose tissue. To confirm this hypothesis, further studies need to be conducted. 
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